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Objective: The effect of threose-induced collagen cross-linking on the mechanical and diffusive properties
of cartilage was investigated in vitro. In particular, we investigated the potential of Contrast Enhanced
Computed Tomography (CECT) to detect changes in articular cartilage after increased collagen cross-
linking, which is an age-related phenomenon.
Methods: Osteochondral plugs (Ø¼ 6.0 mm, n¼ 28) were prepared from intact bovine patellae (n¼ 7). Two
of the four adjacent samples, prepared from each patella, were treated with threose to increase the collagen
cross-linking, while the other two specimen served as paired controls. One sample pair was mechanically
tested and thenmechanically injured using amaterial testing device. Contrast agent [ioxaglate (Hexabrix)]
diffusion was imaged in the other specimen pair for 25 h using CECT. Water fraction, collagen and proteo-
glycan content, collagennetwork architecture and the amount of cross-links [hydroxylysyl pyridinoline (HP),
lysyl pyridinoline (LP) and pentosidine (Pent)] of the samples were also determined.
Results: Cartilage collagen cross-linking, both Pent and LP, were signiﬁcantly (P< 0.001) increased due to
threose treatment. CECT could detect the increased cross-links as the contrast agent penetration and the
diffusion ﬂux were signiﬁcantly (P< 0.05) lower in the threose treated than in untreated samples. The
equilibriummodulus (þ164%, P< 0.05) and strain dependent dynamic modulus (þ47%, P< 0.05) were both
signiﬁcantly greater in the threose treated samples than in reference samples, but there was no association
between the initial dynamic modulus and the threose treatment. The water fraction, proteoglycan and
collagen contents, as well as collagen architecture, were not signiﬁcantly altered by the threose treatment.
Conclusions: To conclude, the CECT technique was found to be sensitive at detecting changes in cartilage
tissue due to increased collagen cross-linking. This is important since increased cross-linking has been
proposed to be related to the increased injury susceptibility of tissue.
 2011 Osteoarthritis Research Society International. Published by Elsevier Ltd. All rights reserved.cation endproduct; dGEMRIC,
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Osteoarthritis (OA) is initiated when the natural repair cycle in
cartilage is disturbed, leading to progressive tissue degradation1,2.
Osteoarthritic degeneration may also be initiated by mechanical
overloading and injury to the articular cartilage3e5. Age is one of the
most important risk factors for both injury induced secondaryOAand
primary OA. Collagen cross-linking increases the resistance to
compression of the articular cartilage, counteracting the decrease
generally associated with degeneration6,7. For example, the yield
stress of cartilage increases during the ﬁrst three decades, but then
gradually decreases for the rest of the lifespan8. These age-relatedublished by Elsevier Ltd. All rights reserved.
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susceptibility towards mechanical cartilage damage.
Collagen molecules have a long lifetime, which ultimately
contributes to the accumulation of advanced glycation end products
(AGEs) within the tissue9. AGEs consist of different compounds;
some of the most important ones being the cross-links, such as
pentosidine (Pent)10. Accumulation of AGEs makes the collagen
network more stiff and brittle, as shown for articular cartilage7,11,12,
lens capsules13 and bone14. Ribose11 and L-threose11,15 have been
used for investigating the effect of cross-linking on the stiffness of
articular cartilage. L-threose (threose) is highly reactive 4-carbon
sugar that can be obtained from the degradation of ascorbic acid.
Threosemodiﬁes the lysine residues and forms characteristic AGEs16.
In an earlier study, human articular cartilage was incubated in
threose (0e200 mM) for 6 days11 leading to a signiﬁcant increase in
the AGE content and cartilage stiffness.
During cartilage maturation from fetus to adult, the equilibrium
and dynamic tensilemoduli have been shown to increase on average
from 391 up to 1,060%17. In contrast, the mechanical failure load only
decreased by 43% during the maturation process with simultaneous
increase in the concentration of pyridine cross-links by as much as
730%17. In addition, several studies have reported that the Pent cross-
link content increases linearly with age18e20, especially after the age
of 20 years.
Delayed Gadolinium-Enhanced Magnetic Resonance Imaging of
Cartilage (dGEMRIC) is a technique developed for imaging the
changes inproteoglycan (PG) content in articular cartilage of patients
suffering from OA21e24. A similar approach based on computed
tomography (CT), Contrast Enhanced Computed Tomography (CECT),
has also been introduced for evaluating the PG content in articular
cartilage24e26. In both dGEMRIC and CECT, the anionic contrast agent
is assumed to distribute in inverse relation to the distribution of the
negative ﬁxed charges (i.e., PGs) in cartilage21. However, in recent
studies, the exclusive role of the ﬁxed charge distribution in deter-
mining the diffusion of charged solutes has been questioned for both
the dGEMRIC27 and CECT techniques28e30. In our earlier CECT study,
we reported that the diffusion of anionic contrast agent was signif-
icantly higher in mechanically injured cartilage than in structurally
intact tissue31, speculating that the integrity of the collagen network
may signiﬁcantly affect the solute diffusion within the cartilage
matrix. Compared to magnetic resonance imaging, modern CT
scanners provide higher resolution with shorter scanning times.
Furthermore, the availability of CT for diagnostics of joint diseases is
often better than that of magnetic resonance imaging (MRI).
In the present study, we have examined whether collagen cross-
linking can inﬂuence solute diffusion in articular cartilage. This is an
important issue since it can potentially affect the interpretation of
dGEMRIC and CECTstudies and thus our understanding of the factors
related to the diffusion of nutrients in cartilage. To evaluate this
hypothesis, we investigated in vitro the potential of CECT to detect
changes in solute diffusion after cross-linking of the collagen
network. In addition, the effects of cross-linking on the biome-
chanical properties and susceptibility to mechanical injury as well as
the structure and composition of cartilage have been investigated.
Methods
Sample preparation
Intact bovine patellae (n¼ 7) were obtained within 24 h of
death at a local abattoir (Atria Oyj, Kuopio, Finland). Subsequently,
four adjacent osteochondral plugs (Ø¼ 6.0 mm) were detached
from each patella [Fig. 1(A)].
Half of the samples (n¼ 14) were treated with threose (Sigma
Aldrich Co., St. Louis, MO, USA) to increase the collagen cross-linking.The samples were incubated in humidiﬁed 5% CO2/95% air atmo-
sphere at 37C for 6 days 18 h in cell culture medium (DMEM low
glucose 1 g/l, Lonza Cologne AG, Belgium) with 100 U/ml penicillin,
100 mg/ml streptomycin, 10 mM HEPES buffer solution, 1 mM
L-glutamine (EuroClone S.p.A., Milano, Italy) and 70 mg/ml vitamin C
(Sigma Aldrich Co.). The formation of the cross-links was induced by
supplementing the incubation medium with 100 mM L-threose
(Sigma Aldrich Co.). The adjacent reference samples (n¼ 14) were
incubated for the same time period in a similar solution without
threose.
The samples were divided into the biomechanical group and
CECTgroup (groups I and II, respectively). In both groups, there were
seven untreated reference samples and seven threose treated
samples, thus, a total of 28 samples were included in this study. After
the incubation, the cartilage thickness was measured at six locations
around the edge of the sample and the diameter was measured in
four different orientations using a light microscope.
Mechanical testing
In group I, the biomechanical testing protocolwas as follows:ﬁrst,
an impermeablemetallic plate (the diameter of the platewas greater
than the diameter of the sample, dplate> dsample) was driven into
contact with the cartilage surface, then the three consecutive
compressive steps (5% strain in each step) at the strain rate of 100%/s
were executed. After each compressive step, the samplewas allowed
to relax for 45min [Fig. 3(A)]. The dynamicmoduluswas determined
from each step as the stress/strain ratio from the peak-to-previous-
equilibrium values. In order to determine the initial (E0) and strain
dependent dynamic modulus (Eε), linear regression was applied to
the calculated dynamic modulus as a function of strain (ε):
E ¼ E0 þ Eεε (1)
Equilibrium modulus (Eeq) was obtained from the linear ﬁt to
the stressestrain curve in equilibrium, i.e., stress values at the end
of each relaxation period (45 min) were used. Subsequently,
destructive compressive testing was performedwith a Lloyd LF Plus
Digital Testing Machine (Lloyd instruments, Ametek Inc., Paoli,
PA, USA) using a single compressive slow ramp to a strain of 75% at
a strain rate of 3.5%/s [Fig. 3(B)] during which stress and strain of
cartilage were measured as a function of time.
CECT measurement
In group II, the diffusion of the contrast agent in the samples was
imaged for 25 h in 2 ml bath of DMEM (including 100 U/ml peni-
cillin, 100 mg/ml streptomycin, 10 mM HEPES buffer solution, 2 mM
L-glutamine and 10 mM vitamin C) containing 10 mM anionic
ioxaglate (q¼1, M¼ 1,269 g/mol, Hexabrix). Contrast agent
diffusion into cartilage in the direction parallel with the surfacewas
prevented by applying glue onto the lateral sides of the osteo-
chondral samples.
The contrast agent distribution in articular cartilage was deter-
mined by means of CECT at 20min, 40 min, 60 min, 90 min, 2 h, 3 h,
5 h, 7 h, 10 h, 15 h, 20 h and 25 h after immersion using a Micro-CT
scanner (SkyScan 1172, SkyScan, Kontich, Belgium). During the
whole measurement, the samples were immersed in the contrast
agent. The tube voltage and voxel size were 100 kV and
30.2 30.2 30.2 mm3, respectively. In order to enhance the signal-
to-noise-ratio 50 full thickness cartilage sections (width¼ 1,510 mm,
thickness¼ 30.2 mm) acquired at the center of the sample were
averaged. Subsequently, the pixel rows in the summarized image
were horizontally averaged to provide one proﬁle showing the
depth-dependent X-ray absorption. Thus, every point in the proﬁle
Fig. 1. (A) An osteochondral disc (Ø¼ 25.4mm)was drilled from a bovine patella and trimmed to leavew1 mmof bone under the cartilage. The discwas then cut into four similar pieces
and smaller osteochondral plugs (Ø¼ 6.0 mm)were punched fromeach piece. (B) ACT-image of one representative sample after 2 h of immersion in the contrast agent bath. The analyzed
cartilage area is delineated with a solid line. The width of the analysis area was 100 pixels (i.e., 3,010 mm), and the height was matched with the full cartilage thickness. (C) A magniﬁed
imageof the analyzed area. (D)Aproﬁle curve corresponding to thedepth-wise contrast agent distributionwithin cartilage tissue. The pixel rows in subﬁgureCwere horizontally averaged
to give one proﬁle for the depth-dependent X-ray absorption. Finally, the acquired proﬁles were normalized with the average bath concentration above the cartilage surface.
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articular surface [Fig. 1(BeD)].
The CECT analysis protocol was similar to that described in our
earlier study31. Shortly, the depth-dependent, sample-wise X-ray
absorption proﬁles of native cartilage before the contrast agent
immersion were subtracted from the absorption proﬁles recorded
during immersion in the contrast agent solution. To calculate the
contrast agent partition in cartilage, the X-ray absorption in each
sample was normalized with the X-ray absorption in the contrast
agent bath just above the cartilage surface. TheMicro-CT imageswere
analyzed using MATLAB (r2008a, MathWorks Inc., Natick, MA, USA).Determination of apparent diffusion coefﬁcient and diffusion ﬂux
Using the one-dimensional (1D) ﬁnite element (FE) model
(COMSOL 3.5, COMSOL Inc., Burlington, MA, USA), originally pre-
sented in our earlier paper32, contrast agent apparent diffusion
coefﬁcient was determined for each sample by applying Fick’s
second law33:
vC
vt
¼ Dv
2C
vx2
(2)
where C is the concentration and x is the position along the carti-
lage depth. The diffusion ﬂux J can be determined then by applying
Fick’s ﬁrst law33:
J ¼ DvC
vx
(3)
In themodel, the diffusionwas allowed only through the articular
surface [Fig. 2(A)], cartilage was assumed to be radially homogenous
and the length of the 1D FE-geometrywas speciﬁc to the thickness of
cartilage in eachosteochondral sample. The FE-geometryconsisted of15 1D-elements evenly distributed along the cartilage depth. The
concentration at the diffusion interface (i.e., at the articular surface)
was assumed to be constant and the contrast agent diffusion ﬂux
through the cartilageesubchondral bone interfacewas assumed to be
negligible. The unconstrained nonlinear minimization routine of
MATLAB (r2008a, MathWorks Inc.) was used for optimization of the
apparent diffusion coefﬁcient by minimizing the mean square error
between the experimental and simulated concentrations. The
determined apparent diffusion coefﬁcient and diffusion ﬂux repre-
sent tissue-averaged values as the model was ﬁtted to the contrast
agent concentration averaged over the full tissue depth (i.e., bulk
concentration) as a function of time. In addition, in Fig. 2(A) also the
spatial distribution is presented.
After the CECT and mechanical measurements, all the samples
were cut into two halves. The halves were then processed for the
biochemical analysis of water, hydroxyproline and cross-link
content (the ﬁrst half) or histological analysis of tissue structure
and composition (the second half).
Analysis of cross-links
The water content of the samples was determined from the
difference between the wet weights and dry weights after freeze-
drying for 17 h. Biochemical analyses of collagen, pyridinoline
cross-links and Pent were conducted similarly as in the previous
study34 and the methods used will only be described shortly below:
After preprocessing the freeze dried samples, the collagen speciﬁc
amino acid, hydroxyproline, was measured spectrophotometri-
cally35 and used for calculating the amount of collagen protein.
Hydroxylysyl pyridinoline (HP), lysyl pyridinoline (LP) and Pentwere
separated during a single reversed phase high performance liquid
chromatography (HPLC) run36 and detected on the basis of their
natural ﬂuorescence. The HPLC determination of collagen cross-link
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Fig. 2. (A) Average contrast agent distributionproﬁles in reference (n¼ 7) and threose treated (n¼ 7) samples at different timepoints. 0 denotes articular surface and 1 deep cartilage. The
partition is deﬁned as the contrast agent concentration in the cartilage divided by that in the bath. (B) The difference in contrast agent partition between the threose treated and reference
samples. The difference is especially great at the equilibrium in the deep cartilage. (C) Average contrast agent content in full thickness cartilage as a function of time. After 5 h, the contrast
agents show signiﬁcantly greater partition in the reference samples than in the threose treated samples. (D) The diffusion ﬂux in the threose treated and reference samples. The contrast
agent ﬂux is signiﬁcantly lower in the threose treated samples at 2 h. In the subﬁgures B and D, the 95% conﬁdence interval (CI) is expressed with error bars.
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LP and Pent compounds with known concentrations as external
standards. The concentrations of cross-links are expressed as mmol
of cross-link per mol of collagen. The HPLC system used consisted of
a Quaternary Gradient Pump unit, PU-2089 Plus, Intelligent
AutosamplerAS-2057 Plus, and Intelligent Fluorescence Detector,
FP-2020 by Jasco (Jasco Scandinavia AB, Mölndal, Sweden). Data
processing software was Jasco Chrompass (Jasco, Sweden). The
LiChroCART 125-4 column was from Merck Hitachi (Merck KGaA,
Darmstadt, Germany).
Digital densitometry (DD)
Optical density (OD) measurements by means of DD were con-
ducted to quantify the tissue ﬁxed charge content and distribution.
The 3-mm-thick samples were dyed with cationic Safranin-O dye,
which binds stoichiometrically to negatively charged glycosami-
noglycan groups and the relative ﬁxed charge distribution can be
visualized and quantiﬁed by measuring the OD of Safranin-O37. The
OD measurements were conducted using a computer-controlled
CCD camera (SenSys, Photometrics Inc., Tucson, AZ, USA) attached
to a light microscope (Leitz Orthoplan, Leitz, Wetzlar, Germany).
Polarized light microscopy (PLM)
PLM is a quantitative technique for analyzing the organization of
collagen ﬁbrils38. The method has been described in an earlier
study39 but is also brieﬂy below. The PLM measurements were
conducted for the 5-mm-thick cartilage sections using a Leitz
Ortholux BK-2 polarized light microscope (Leitz) equipped witha CCD camera (Photometrics), a monochromatic light source and
crossed polarizers. The amplitude of the birefringence signal
depends on the degree of collagen ﬁbril organization38. Collagen
ﬁbril orientationwas calculated using Stokes parameters. Anisotropy
of the collagen network was evaluated by the parallelism index (PI),
which is high when the collagen ﬁbrils are oriented in parallel to
each other and this can be determined by using the minimum and
maximum values of the signal that ﬂuctuates as a function of the
polarizer pair position39. The PI and the collagen ﬁbril orientation
were calculated for 20 layers of each cartilage sample.
Fourier transform infrared imaging (FTIRI)
FTIRI is a spectroscopic imaging method which can be used to
gather information on the spatial composition of articular cartilage.
The method has been explained in more detail in an earlier study40,
and brieﬂy below. In the FTIRI measurements, 5-mm-thick sections
were placed on 2-mm-thick ZnSe windows. Since the speciﬁc
absorption spectrum of collagen (at 1,585e1,720 cm1) and PG
(at 984e1,140 cm1) are known, the spatial content of these
components in eachpixel can be calculated from themeasured FTIRI-
images41,42. The measurements were conducted using the Perkin
Elmer Spotlight 300 FTIRI system (PerkinElmer, Shelton, CO, USA),
with spectral and pixel resolutions of 4 cm1 and 25 mm, respectively.
Statistical analysis
The signiﬁcance of differences between the properties of refer-
ence and threose treated tissuewas tested with theWilcoxon Signed
Ranks-test. The correlations between parameters were calculated
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cance). The statistical analysiswas conducted using SPSS (SPSS 14.0.1,
SPSS Inc., Chicago, IL, USA).Results
The penetration of the contrast agent was signiﬁcantly lower into
the threose treated samples than into the corresponding reference
samples [P< 0.05, Fig. 2(A andB), Table II] and thediffusionﬂuxof the
contrast agentwas smaller in the threose treated samples than in the
reference samples [2 h, P< 0.05, Fig. 2(D), Table IV]. The apparent
diffusion coefﬁcients did not statistically differ in the threose treated
and reference samples (P¼ 0.10), i.e., the time required for the
diffusion to reach equilibrium had not been signiﬁcantly altered.
However, the change in Pent content of cartilage collagen correlated
inversely (r¼0.815, P< 0.05) with the change in the apparent
diffusion coefﬁcient.
The equilibrium modulus of the threose treated samples was
signiﬁcantly greater (þ164%, P¼ 0.008) than that of the reference
samples (Table I). There was no signiﬁcant difference in the initial
dynamic modulus but the strain dependent dynamic modulus was
signiﬁcantly elevated (þ47%, P¼ 0.03) (Table I). Since no signiﬁcant
instantaneous decrease in the stress during the destructive test was
consistently detected, the yield points or points of failure could not
be determined for all samples [Fig. 3(B)].
There were no statistically signiﬁcant changes in PG, water or
collagen contents after the threose treatment (P¼ 0.36, P¼ 0.22,
P¼ 0.52 for PG, water and collagen, respectively, Table III, Fig. 4).
However, DD indicated that the negative ﬁxed charge density (FCD)
of the threose treated samples was signiﬁcantly higher (P¼ 0.011)
than in the reference samples. The HP content did not change after
the threose treatment, but the Pent and LP contents were signiﬁ-
cantly elevated (Table III). The Pent and LP contents of the reference
samples were lower than the detection limits (<0.004 mmol perTable I
Mean values (n¼ 7) of equilibrium modulus, initial dynamic modulus E0, strain depende
samples. Equilibrium modulus (Eeq) and strain dependent dynamic modulus were signiﬁ
signiﬁcant difference was detected in the values of the initial dynamic modulus. There wa
are given in the brackets
Eeq (MPa) E0 (MPa)
Threose treated 1.02* [0.79e1.25] 0.67 [1.38 to
Reference 0.35 [0.22e0.48] 1.10 [0.33e1.
*P< 0.05 between the threose treated and the reference samples, the Wilcoxon signedmol of collagen and <0.032 mmol per mol of collagen for Pent and
LP, respectively). The collagen orientation and anisotropy
(parallelism) was not changed due to the threose treatment
(Table III, Fig. 4). In addition, there were no changes in the cartilage
thicknesses after the threose treatment (Table I).Discussion
We investigated the effect of increased collagen cross-linking on
the diffusive and mechanical properties of articular cartilage.
Subsequently, biochemical and histological analyses were under-
taken to evaluate the changes in the cartilage composition and
structure. The working hypothesis was that the contrast agent
diffusion ﬂux and the equilibrium content would be signiﬁcantly
decreased in the threose treated samples compared to the reference
samples. However, there were no signiﬁcant differences in the
collagen content and orientation or in the water content between
threose treated and control samples. In addition, the change in the
apparent diffusion coefﬁcient correlated inverselywith the change of
Pent content in the cartilage (r¼0.815, P< 0.05). This suggests that
collagen network cross-linking may signiﬁcantly control the solute
diffusion in aging articular cartilage.
In dGEMRIC, FCD is assumed to control the partition and equi-
librium distribution of the contrast agent21. dGEMRIC measures
contrast agent distribution only in the water-phase, while CECT
measures it in the entire tissue volume. Based on the present results,
the total change in contrast agent partition (12%) cannot be
explained exclusively by the change in tissue water content (1.4%).
There was no signiﬁcant difference in water content and no signiﬁ-
cant correlation between the difference in water and equilibrium
contents or diffusion ﬂuxes of contrast agent between threose
treated and reference samples.
Based on the results from the Safranin-O staining experiments,
the FCD of the threose treated samples was increased signiﬁcantlynt dynamic modulus E
ε
and cartilage thickness for the threose treated and reference
cantly higher in the threose treated samples (P¼ 0.008, P¼ 0.03) but no statistically
s no difference between the mean thicknesses of the two sample groups. The 95% CI
E
ε
(MPa) Thickness (mm)
2.72] 78.6* [41.0e116.2] 2.02 [1.87e2.16]
88] 53.3 [30.0e76.6] 2.02 [1.90e2.14]
rank test.
Table II
Normalized contrast agent concentrations (n¼ 7, % of the immersion solution
concentration,mean and 95% CI) in articular cartilage during the experiment. After 5 h
of immersion, the contrast agent penetration was signiﬁcantly lower in the threose
treated samples than in the reference samples
Time point Threose treated References
20 min 13.5 [8.6e18.6] 14.3 [10.1e18.6]
40 min 17.8 [11.0e24.6] 19.5 [13.2e25.9]
60 min 21.9 [13.8e30.1] 25.7 [18.6e32.8]
90 min 28.9 [19.8e37.9] 34.0 [26.7e41.3]
2 h 32.3 [22.1e42.6] 38.4 [29.7e47.2]
3 h 39.7 [31.7e47.6] 46.6 [39.5e53.8]
5 h 47.7 [41.6e53.9]* 56.1 [49.8e56.1]
7 h 51.0 [45.3e56.6]* 60.8 [55.1e66.6]
10 h 53.1 [47.6e58.7]* 64.0 [58.4e69.6]
15 h 56.0 [50.0e62.2]* 67.5 [61.5e73.5]
20 h 56.8 [51.6e61.9]* 68.7 [63.3e74.1]
25 h 56.4 [51.7e61.2]* 68.4 [63.2e73.7]
*P< 0.05 between the threose treated and reference samples, the Wilcoxon signed
rank test.
H.T. Kokkonen et al. / Osteoarthritis and Cartilage 19 (2011) 1190e1198 1195(þ25.9%, P¼ 0.011). However, the PG content, which is the major
contributor to the ﬁxed charge in cartilage, was not increased
according to the FTIRI-results. Furthermore, the increased charge
cannot be related to the use of negatively charged contrast agent
since it was seen also with threose treated samples, which were not
imaged using CECT. According to an earlier study, glycation of
collagen can alter the charge of the type I collagen43. Potentially this
might happen also with type II collagen and this might explain the
increased FCD. The positive charge of the collagen is mainly attrib-
utable to the positively charged amino acids, such as arginine and
hydroxylysine. The amounts of these amino acids have been repor-
ted to decrease as a function of age44. Thus, the decrease in the
amounts of positive charge, and an increase in total FCD, is a natural
consequence of the aging process. In addition, according to the
literature6 the FCD of normal non-arthritic human articular cartilage
increases with age, which may be partially due to increased collagen
cross-linking. There was a clear high negative correlation between
the difference in FCD and the change in the equilibrium partitioning
of an anionic contrast agent (r¼0.959, P< 0.01). It is known that
both steric hindrance and the ﬁxed charge of cartilage matrix can
affect the partitioning of anionic contrast agent molecules21,28,45e49.
It is clear that if one wishes to determine the individual contribution
of these two factors then one would need to conduct an experiment
analyzing diffusion of similarly sized charged and non-charged
molecules. However, at present only anionic contrast agents are
available for use in dGEMRIC and CECT. In addition, the aim of the
present study was to investigate whether age-related changes in
cartilage cross-linking could affect the interpretation of the results of
these techniques. For these reasons, only ioxaglate was utilized in
this study.
The equilibrium modulus was signiﬁcantly higher in the threose
treated samples indicating that the increased cross-linking has a clear
effect on the mechanical properties of cartilage. This is in line withTable III
Compositional and structural parameters determined for the threose treated and refere
increased in the threose treated samples. There were no statistically signiﬁcant changes i
due to the threose treatment. However, a signiﬁcant increase in the FCD (P¼ 0.011) as d
samples were below the detection limit, thus the limit is marked in the table. The 95% C
Water n¼ 7 (%) Collagen n¼ 14
(mg/mg d.w.)
FCD n¼ 14 (OD) Pent (mmol/
mol) n¼ 14
Threose
treated
78.1 [76.0e80.2] 0.57 [0.51e0.63] 1.75* [1.53e1.97] 18.2**
[15.4e21.0
Reference 79.9 [78.2e81.6] 0.65 [0.57e0.72] 1.39 [1.20e1.59] <0.004
*P< 0.05 between the threose treated and reference samples, the Wilcoxon signed rank
signed rank test.earlier studies11,17. The increased FCD of the cartilage could affect the
equilibrium modulus of the cartilage since the additive charge
increases the osmotic pressure. The strain dependent dynamic
modulus was signiﬁcantly elevated in the threose treated samples,
but, interestingly, there was no statistical difference in the initial
dynamic modulus values between threose treated and reference
samples. There are several possible reasons for this. For instance,
signiﬁcant spatial variations in articular cartilage mechanical prop-
erties have been reported50. One would argue that the loading
geometry and possible depth-dependent cross-linking may also
contribute to the results. In the biomechanical experiments, in order
to maintain a physiological cartilageebone interface for the
destructive test, we did not remove the bone under cartilage. Since
during dynamic loading, cartilage behaves as an incompressible
material and expands, this ﬁrm interface may have minimized the
biomechanical role of cross-links, especially in the deep zone of
cartilage. On the other hand, at equilibrium, theﬂuidwhichhasﬂown
out from the tissue, has reduced the tissue volume and the cartilage
edge has recovered close to its original, uncompressed state. It could
also be that the initial dynamic modulus, associated with less strain,
would bemore dependent on the ﬂuid phase effects, while at greater
strain levels, the mechanical properties of the solid matrix, and thus,
the effects of cross-linking, would be more pronounced.
The cross-link (i.e., Pent and LP) content was increased signiﬁ-
cantly (P< 0.001) in the threose treated samples. This increased
cross-linking was predicted from to the earlier studies9,11,51 investi-
gating the effects of collagen glycation on cartilage. Although earlier
studies have indicated that Pent is not the main AGE formed during
glycation, the accumulation of Pent can be used as an estimate of the
overall cross-linking in cartilage11. The Pent content in human carti-
lage increases linearly after the age of 20 years, being negligible
before that time19. In contrast, the LP and HP contents remain almost
constant throughout adult life19. In this study, the HP content
remained unchanged during the threose treatment and its valuewas
in line with that reported earlier19. Importantly, the Pent content
(18.2 mmol/mol of collagen) detected in the present study corre-
sponds to the Pent values reported for cartilage from a 45-year-old
human19. Although the LP content was increased in this study, the
achieved value was in line with that reposted earlier for adult
humans19. According to the correlation analysis, the LP content did
not correlate with the decreased partition of contrast agent at the
diffusion equilibrium, decreased diffusion ﬂuxorwith increased FCD.
For these reasons, we believe that the reported changes in cartilage
diffusive properties are related to alternations in Pent cross-linking.
The results of the present study indicate that there is a signiﬁ-
cant decrease in the diffusion of contrast agent into glycated
cartilage. This may affect the interpretation of the results of
contrast enhanced imaging (dGEMRIC and CECT), but it also raises
the question of whether it also affects the diffusion of nutrients
(e.g., glucose) into the articular cartilage with aging. Furthermore,
the increased stiffness and fragility of the cartilage caused by
collagen cross-linking have been speculated to decrease its abilitynce samples. The Pent and LP contents (mmol/mol of collagen) were signiﬁcantly
n the water, collagen, HP contents (mmol/mol of collagen), PI or collagen orientation
etermined with the DD was detected. The amounts of Pent and LP in the reference
I are given in the brackets
HP (mmol/mol)
n¼ 14
LP (mmol/mol)
n¼ 14
PI Orientation
]
1,820 [1,540e2,090] 77.0**
[54.1e99.8]
0.76 [0.73e0.80] 74.7 [68.9e80.6]
1,930 [1,690e2,170] <0.032 0.79 [0.75e0.82] 74.8 [68.1e81.5]
test. **P< 0.001 between the threose treated and reference samples, the Wilcoxon
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Fig. 4. The spatial collagen (A) and PG (B) distribution of the threose treated samples and the reference samples were virtually identical (a.u. refers to absorption unit).
No statistically signiﬁcant cross-linking induced changes in the orientation (C) or anisotropy (D) of the collagen ﬁbrils were observed. (E) As revealed by OD measurements of
Safranin-O stained sections, the ﬁxed charge distribution was altered by the threose treatment.
H.T. Kokkonen et al. / Osteoarthritis and Cartilage 19 (2011) 1190e11981196to act as a shock absorber and increase the risk of cartilage
injuries11, possibly leading to secondary OA4. Together these
changes could contribute to the development and pathogenesis of
OA.
Both ex vivo and in vitro studies have shown that increased age
correlates with increased amount of AGEs, especially with that of
Pent in articular cartilage19,52,53. The aging process involves a number
of phenomena which can affect the diffusion process. The effects of
selective degradation of cartilage constituents (collagen and PGs)
have been studied25,54,55. In earlier studies, enzymatic degradation of
the cartilage matrix has been shown to increase the penetration of
contrast agent25,54. If one wishes to understand the contribution of
the individual constituents (e.g., cross-linking), then theywouldneed
to be evaluated by using selective and speciﬁc modiﬁcation of one
constituent at a time. Further, we hypothesized that inducedTable IV
The equilibrium partition of the contrast agent after 25 h of immersion, diffusion ﬂux at
reference samples. The equilibrium partition and diffusion ﬂux after 2 h of immersion we
in the apparent diffusion coefﬁcient after the threose treatment (P¼ 0.10). The 95% CI ar
Equilibrium partition,
25 h
Diffusion ﬂux
1 h (108 mo
Threose treated CI 56.4* [51.7e61.2] 4.3 [3.4e5.1]
Reference CI 68.4 [63.2e73.7] 4.7 [4.0e5.4]
*P¼ 0.015 between the threose treated and reference samples, the Wilcoxon signed rancross-linking would have an opposite effect on penetration of
contrast agent as degradation of cartilage PGs and collagen. Based on
these issues we decided only to increase the cross-linking to simplify
the interpretation of the data.
This study is the ﬁrst step towards understanding the relation-
ships between cross-linking and diffusion of contrast agent in carti-
lage and, thus, it cannot cover all aspects related to this complicated
phenomenon. However, cartilage is a complex tissue and to reveal all
the details of the effects of the threose treatment will require
a number of future studies including extensive biochemical analyses
(e.g., for increased LP and FCD), computational modeling and CECT
studies with non-ionic contrast agents.
To conclude, the amount of cross-linking was found to alter
signiﬁcantly the diffusion ﬂux and the equilibrium content of the
contrast agent in articular cartilage. This may have signiﬁcant1 h of immersion and the apparent diffusion coefﬁcient in the threose treated and
re signiﬁcantly (P ¼ 0.05) lower in the threose treated samples. There was no change
e given in the brackets
,
l s1m2)
Diffusion ﬂux, 2 h
(108 mol s1m2)
Apparent diffusion
coefﬁcient (mm2 s1)
2.6* [2.2e3.1] 217.5 [143.1e291.9]
3.3 [3.1e3.5] 171.3 [132.4e210.3]
k test.
H.T. Kokkonen et al. / Osteoarthritis and Cartilage 19 (2011) 1190e1198 1197consequences for the interpretation of diagnostics which has been
based on modern contrast enhanced imaging techniques. On the
other hand, this could allow quantiﬁcation of the status of the cross-
linking in collagennetwork. Furthermore, the present results provide
new insights into the interplay between cartilage aging, cross-linking
and diffusion of nutrients. This together with altered mechanical
properties may open new paths for exploration of the etiology of OA
and its relation to cartilage aging.
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